A Bacillus megaterium 19 strain isolated from a mixture of fermented vegetable wastes, produced a bacteriocin that displayed a wide spectrum antimicrobial activity against food-spoilage microorganisms and possessed a bactericidal mode of action. The bacteriocin activity against Salmonella typhimurium and Staphylococcus aureus attained its maximum value during the mid stationary phase. Maximal bacteriocin activity (93% growth reduction) was achieved using MRS broth, at initial pH of 5.5-6.5 and at 30°C incubation temperature. High levels of bacteriocin activity (up to 85% growth reduction) were detected under limited or reduced oxygen levels. The inhibitory activity increased in mMRS broth with 4% sucrose and (0.10%) beef extract. The bacteriocin was thermally stable over a wide temperature range up to 100°C for 15 min and retained its activity at acidic and neutral pH values, but not at alkaline pHs. Full bacteriocin activity was expressed after 30 days of storage at 4°C, for 15 min of exposure to UV light. The bacteriocin was amylase and lipase sensitive, however, treatment with proteolytic enzymes resulted in a remarkable stability. SDS-PAGE analysis of the partially purified bacteriocin revealed an apparent molecular weight ranging from 3.496 to 6.512 kDa. The strain may have a potential use as food biopreservative, because of its promising thermostable technological properties and broad antimicrobial spectrum.
Introduction
Alternate methods for controlling pathogenic bacteria including the production of antimicrobial peptides "bacteriocins" are now highly considered. Bacteriocins are compounds produced by bacteria that have a biologically active protein moiety and a bactericidal action (Line et al., 2008) . Bacteriocins from grampositive organisms, such as lactic acid bacteria (LAB), have attracted much attention and have been the subject of intensive investigation due to their extensive incorporation as biopreservatives ingredients into model foods particularly in the dairy industry (Diop et al., 2007) and also in human therapeutics (Martin-Visscher et al., 2008) . Bacillus is an interesting genus to investigate since it produces a diverse array of antimicrobial peptides representing several different basic chemical
Materials and Methods
structures (Bizani and Brandelli, 2002) . The production Bacterial strains: The pathogenic indicator strains used of bacteriocins or bacteriocin-like substances has been in this work were provided by the laboratory o f already described for some bacilli such as B. subtilis, B.
Bacteriology, Microbiology Department at the Faculty of cereus, B. stearothermophilus and other Bacillus Medicine, Alexandria University. They included both gram species. Some strains produce bacteriocins with a negative (Escherichia coli, Pseudomonas aeruginosa, broad spectrum activity, including important pathogens Proteus vulgaris, Klebsiella pneumoniae, Salmonella such as Listeria monocytogenes and Streptococccus typhimurium, Salmonella para-typhimurium A , pyogenes (Cherif et al., 2001) . Some were well Salmonella para-typhimurium B and Enterococcus characterized such as: lichenin produced by B.
faecalis) and gram positive strains ( Streptococcus licheniformis 26-103 RA strain (Pattnaik et al., 2001) and pyogenes and Staphylococcus aureus). megacin produced by B. megaterium (Lisboa et al., 2006) . In spite of the considerable approaches taken by Isolation of bacilli strains: Bacilli strains were isolated researchers to gather data on Bacillus bacteriocins, the from agro-industrial wastes (including vegetables, fruits importance and the industrial value of those bacteriocins and fermented vegetable wastes). Samples were has been largely underestimated and has attracted little attention compared to those produced by LAB. Hence, the present study primarily aimed at screening for bacteriocinogenic bacilli strains using agro-based wastes. A bacilli strain isolated from fermented vegetable wastes showed strong inhibitory activity, a finding that prompted us to evaluate the potential of the bacteriocin produced. The bacteriocin was identified and partially characterized. The results reported in the current study may be useful in revealing the possibility o f potential use of the bacteriocin as an antimicrobial agent to prevent the proliferation of some pathogenic and foodspoilage microorganisms and to improve the microbial quality and safety of foods.
weighed as 1 g portions and thoroughly homogenized in and molasses (2% v/v) were tested for their suitability for sterile distilled water, serial dilutions were plated on LB bacteriocin activity using the ODM method. The test agar (Difco Laboratories, Detroit, MI), plates were strain was inoculated into each test medium, grown incubated at 30°C for 2-3 days.
aerobically at 2 selected temperatures (30 and 37°C).
Inoculum preparation and growth conditions: Inocula CFSs were mixed with the indicator strains and the of the test strain (1% v/v) for all experiments consisted of bacteriocin antimicrobial activity was determined using cellular suspension from 12-18 h cultures on MRS the ODM method. To determine the effect of pH, aliquots (Biolife Italiana S.V.L) broth, adjusted to an absorbance of MRS broth were adjusted with 1N HCI or 1N NaOH to (600 nm) of 1-1.2. For storage of stock cultures, cells pH values of 4.5, 5.0, 5.5, 6.0, 6.5, 7.0 and 7.5 were separated by centrifugation (8,000×g, 20 min at (Ougnbanwo et al., 2003a) . Aliquots were autoclaved, room temperature) and resuspended in 1 mL of fresh inoculated with the bacteriocinogenic strain and MRS liquid medium, from which 0.5 mL portion was aerobically incubated. Cultures were assayed for transferred to 2 mL beads-containing cryogenic vials, bacteriocin activity as described above. The effect of freezed at -80°C in the presence of 15% (v/v) glycerol.
aeration conditions on bacteriocin activity was studied by Inocula of the indicator strains consisted of cellular varying the volume of the growth medium used. Aliquots suspension from MRS broth cultures that were of 10, 20, 40 and 50 mL of a modified version of MRS monitored spectrophotometrically till an O.D.
broth (mMRS) were inoculated with the test strain and 600 corresponding to 10 CFU/mL was reached (Naclerio et assayed for bacteriocin activity as mentioned elsewhere.
5
al., 1993).
Screening for bacteriocin-producing bacilli: Bacilli activity: The strain was grown for 15, 18 and 24 h in isolates were screened for bacteriocin production by the mMRS broth supplemented with 2 and 4% o f Agar Well Diffusion (AWD) assay (Lasta et al., 2008) . monosaccharide (galactose) and disaccharide (fructose,
Identification of the bacteriocinogenic isolate:
The pure replacing the medium glucose (Ogunbanwo et al. , isolate selected as a potential bacteriocin-producer was 2003b). The effect of nitrogen sources on bacteriocin identified on the basis of its cultural, morphological, activity was evaluated using (per lit): 4 g ammonium physiological and biochemical characteristics acetate, 4 g ammonium chloride, 4 g ammonium nitrate, (Schillinger and Lücke, 1987) , followed by partial 16S 4 g ammonium sulfate, 4 g arginine, 10 g beef extract, 4 rRNA analysis (Maidak et al., 1999) conducted at the g sodium nitrate, 10 g tryptone 10 and 5 g yeast extract. German culture collection of microorganisms and cell
The effect of nitrogen combinations were also studied: cultures DSMZ (Deutch Sammlung von Mikroorgabeef extract plus yeast extract, beef extract plus tryptone, nismen und Zelkulturen GmbH).
beef extract plus ammonium chloride, beef extract plus Detection of bacteriocin activity during growth (Growth respectively. kinetics): MRS broth was inoculated with 2% (v/v) of an overnight preculture of the test strain and incubated at Physical and biochemical characterization of the 30°C. Changes in O.D. were recorded every 3 h. The bacteriocin 600 growth kinetics experiment was Heat resistance and pH sensitivity: The thermal stability employed with slight modification. The indicator strains of t he crude bacteriocin was assessed by exposing (10 CFU/mL) were grown at 30°C in MRS broth in the aliquots of the test strain CFS to different temperatures 5 presence of a concentrated cell-free supernatant (CFS) (0, 30, 40, 50, 60, 70, 80, 90, 100 and 121°C) for 15 min of the bacteriocinogenic strain. Optical Density (Mota et al., 2004) , then tested for antimicrobial activity. Measurements (ODM) were recorded every 3 h for 12-18
The effect of pH on the bacteriocin activity was tested by h. The bacteriocin activity was expressed by the adjusting test strain CFS to pHs from 2-12 (at increment percentage of growth reduction of the indicator of one pH unit) with sterile 1 N NaOH or HCl (Albano et pathogenic strains and determined from the ratio al., 2007). Samples were incubated at room temperature between the optical densities of the treated cultures and (25°C) for 1 h then assayed for antimicrobial activity. untreated ones (the indicator strains without the CFS).
Effect of growth media, incubation temperature, initial
crude bacteriocin was stored at -20 and 4ºC for different pH and aeration on bacteriocin activity: Commercial intervals of time (30, 45 and 60 days). Sterile Petri media such as MRS (De man Rogosa Sharpe) broth, dishes containing aliquots of 10 mL crude bacteriocin Brain Heart Infusion (BHI; Merck, Darmstadt, Germany) preparations were exposed to UV irradiation (Philips broth, M17 (Difco Laboratories, Detroit, MI) broth, whey Cells were harvested by centrifugation and the resulting Effect of sugar and nitrogen sources on bacteriocin lactose, maltose, sucrose,) sugars, respectively, after arginine. Combinations were added as 1.5 and 0.5%, Stability during storage and exposure to UV light: The bulb, wave length 340 nm, 220-240 V, 50 Hz,) situated at a distance of 30 cm from the Petri dishes (Wanda and Molecular weight markers (Bio-RAD, Germany) ranging Bonita, 1991). Times of exposure to UV light ranged from from 90-1.434 kDa were used. The gels were fixed and 15-90 min, after which the bacteriocin activity was stained with Coomassie Brilliant Blue R 250 (Saarchem, estimated (Ogunbanwo et al., 2003a) .
Krugersdorp, South Africa). The apparent molecular Sensitivity to proteolytic and other enzymes: Proteolytic the mobility of the standard markers. enzymes (Oxford laboratory reagents) including papain, pepsin, trypsin and non-proteolytic enzymes such as Statistical analysis: Data were expressed a s lipase and "-amylase were dissolved in 0.05 M sodium phosphate (pH 7.0), 0.002 M HCl (pH 7), 40 mM Tris-HCl (pH 8.2), 0.1 M potassium phosphate (pH 6.0) and 0.1 M potassium phosphate (pH 7.0), respectively to a final concentration of 1 and 2 mg/mL. Enzyme solutions were sterilized by disposable bacterial filters (0.2 µm; Fischer chemicals, UK). Aliquots of filter sterilized CFSs of the test strain were mixed with each enzyme solution, incubated at 30°C for 2 h, subsequently heated in boiling water for 5 min to inactivate the enzymes (Bizani and Brandelli, 2002) and finally assayed for antimicrobial activity.
Effect of organic solvents on bacteriocin activity:
The sensitivity of the bacteriocin to organic solvents such as acetone, chloroform, ethyl alcohol, hexane and methanol was investigated . Freeze dried bacteriocin preparations from the producer strain were dissolved individually in each organic solvent at a final concentration of 10 mg/mL. Samples were incubated at 30°C for 1 h, then solvents were removed b y evaporation. Dried residues from the organic phase were re-suspended in sterile MRS broth (Ten Brink et al., 1994) at a final concentration of 10 mg/mL and assayed for antimicrobial activity.
Mode of action on target cells: About 20 mL of filter sterilized CFS of the test strain was mixed with 100 mL of S. typhimurium culture (10 CFU/mL), incubated at 5 30°C for 12-18 h. Cells were harvested by centrifugation at 8,000xg at room temperature for 20 min, washed twice with sterile saline water and re-suspended in 10 mL (Albano et al., 2007) and was further processed according to Delmar et al. (2005) and observed with a JEOL JEM 1200ExII transmission electron microscope (JEOL, Tokyo) operating at 120 Kv.
Partial purification and molecular weight determination: The test strain was grown in MRS broth for 18 h at 30°C. Cells were harvested by centrifugation at 10,000xg for 20 min at 4°C, after which the bacteriocin was precipitated from the CFS with 45% saturated ammonium sulfate (Akyptis et al., 1998) . The molecular weight of the bacteriocin was estimated according to the method of Sambrook and Russell (2001) , using discontinuous SDS-PAGE performed using a double slab electrophoresis cell (Cleaver scientific Ltd). mass of the sample was calculated by comparison with mean±Standard deviation. Statistical significance was determined using the student's t-test. p<0.05 was considered significant.
Results
Screening and identification of bacteriocinogenic strains: About 30 isolates were obtained and screened for antimicrobial spectrum against gram-positive and gram-negative bacteria using the AWD method. The average diameter of the inhibition zones measured ranged from 0.5-5 mm in size (data not shown). Among the i solates, one strain (19) was isolated from fermented vegetable wastes, identified as B.megaterium by physiological and biochemical characteristics and further confirmed by 16S rRNA gene sequence analysis that showed 100% sequence identity with Bacillus megaterium DSM 32.
Growth curve and growth kinetics: Low bacteriocin activity against S. typhimurium was noted during the lag phase (almost 15% growth reduction). The maximal antimicrobial activity against the indicator strains S. typhimurium and S. aureus (86.54 and 86.53% growth reduction, respectively) was clearly demonstrated during the stationary phase and peaked at its mid after 15 h (Fig. 1) .
Detection of antimicrobial spectrum:
Results of the AWD method showed that the B. megaterium 19 CFS contained an antimicrobial compound with a wide spectrum that inhibited the growth of representatives of at least three indicator gram positive or gram-negative strains (data not shown). Inhibition zones of size 5 mm were detected.
Effect of growth media and incubation temperature on bacteriocin activity: The highest bacteriocin inhibitory effect w as obtained in MRS broth after 12-18 h o f incubation at 30°C. The activity was maintained after 21 h, where approximately 93% reduction of growth was recorded (Fig. 2) . Good antimicrobial activity was recorded in the presence of 2% (w/v) molasses. BHI medium was not a suitable medium for bacteriocin production. Increasing the incubation temperature had a significant adverse effect on bacteriocin activity (data not shown). Results are expressed as percent of mean values of growth reduction (n = 3) ± standard deviations activity (95% growth reduction) was demonstrated when MRS broth was adjusted to an initial pH of 5.5-7 (Fig. 3) . At pH 7.5 and above, the bacteriocin was significantly (p>0.05) reduced after 12 h of incubation. The test strain produced bacteriocin under limited or reduced aeration. The activity increased with the increase in culture volume (decreasing the oxygen availability) from 20 mL up to 50 mL (data not shown).
Effect of carbon and nitrogen sources on bacteriocin activity:
Optimal bacteriocin activity (97% growth reduction) was recognized after 24 h of incubation in mMRS supplemented with 4% sucrose, followed b y glucose, maltose, fructose and finally lactose (Fig. 4) . Galactose did not stimulate the bacteriocin production.
The maximum inhibition to the growth of the indicator strains was demonstrated in mMRS broth supplemented with beef extract (10 g/L) after 24 h of incubation, whereas a combination of beef extract and yeast extract resulted in 98% reduction of growth (data not shown).
Physical and biochemical characterization
Thermal, UV light treatment, pH sensitivity and stability during storage: Results in Table 1 show that the inhibitory compound produced by B. megaterium 19 was heat stable upon exposure to 100ºC for 15 min, but was sensitive to autoclaving temperature (121ºC). The bacteriocin retained its activity after 15 min of exposure to UV light. The bacteriocin was also stable at pH 2-7 after 15 min, but the activity was totally lost at alkaline pH value o f 8 and above (Table 2 ). The bacteriocin maintained high stability and showed maximal growth reduction (88%) after 30 days of storage at 4ºC (Table 3) . Exposing the bacteriocin to longer periods of storage (45 days) resulted in an insignificant decrease in activity by 10%; however the activity was restored after 90 days of storage and up to a maximum period of 12 months (data not shown). Hardly, any bacteriocin was produced at -20ºC after 45 days and up to 90 days.
Sensitivity to enzymes and solvents: S. thermophilus 19 bacteriocin activity was insensitive to the two tested concentrations of papain (Table 4 ). The effect of pepsin and trypsin on bacteriocin activity at concentrations of 2 mg/mL was more pronounced compared to 1 mg/mL. Treatment with either concentrations of amylase inhibited the bacteriocin activity against S. aureus more than S. typhimurium. The reverse pattern was shown upon treatment of the bacteriocin with lipase. With an exception to hexane and ethanol, the bacteriocin was completely sensitive to solvents employed in the study (data not shown). Figure 5a shows intact cells and typical rods of S. typhimurium before treatment with the bacteriocin preparation. Figure 5b illustrates the lysed 
Mode of action:
%) Treatment -------------------------------------------Growth reduction (%) Treatment ------------------------------------------------ pHn = 3) Time of exposure (min) -------------------------------------%) (1 mg/mL) (2 mg/mL) ---------------------------- ------------------------------- Enzyme a b a b Papain 50±14 64±9 47±10 46±20 Pepsin 49±40 44±2 10±0.5 -6±0.3 Trypsin 29±0.2 46±5 11±10 8±0.9 "-amylase 18±50 38±4 17±20 35±20 Lipase 39±11 19±0 41±10 11±30 (a)(b)
Determination of bacteriocin molecular weight:
The molecular weight of the partially purified bacteriocin was estimated to range from 3.496-6.512 kDa.
Discussion
This study describes the partial characterization of a bacteriocin produced by a B. megaterium 19 strain isolated from fermented vegetable wastes. Choice was based on its broad antimicrobial spectrum against more than three genera including S. aureus, S. typhimurium and other pathogenic bacteria. The ODM was preferred over the AWD assay in characterization experiments as aggregation, non-diffusible bacteriocins, medium composition, protease inactivation and concentration may influence the sensitivity of the AWD assay (Lewus et al., 1991) , leading to false negative results. Maximum bacteriocin activity was marked at the stationary growth phase, which suggests that the antimicrobial peptide is a secondary metabolite (Lisboa et al., 2006) , a character confirmed by its low molecular weight (Abada, 2008) . In this study, we reported the effect of several cultural conditions on the bacteriocin activity. Growth temperature played an important role and was often correlated with bacteriocin production . The activity of bacteriocin was much higher at 30°C than at 37°C, which was in good agreement with results by Bizani and Brandelli (2002) . The high bacteriocin activity using MRS broth and low activity levels in BHI broth, molasses and whey suggests that specific nutrients are required for bacteriocin production (De Kwaadsteniet et al., 2005) . Contradictory results to our findings were those reported by Lisboa et al. (2006) on bacteriocin produced by B. amyloliquefaciens, where maximal activity was evaluated at 37°C in BHI broth. The maximum values of bacteriocin activity were observed by preparations obtained from B. megaterium 19 grown in MRS broth at structure. The bactericidal mode of action of our initial pH of 5.5, 5 and 6.5. This result was i n bacteriocin determined by the TEM may probably be due consistence with those reported by Todorov et al. (2006) to pore formation (Montville et al., 1995) Verluyten et al. (2003) . Detectable inhibitory was analyzed and a single protein band with a range of levels of the bacteriocin were observed in mMRS broth molecular mass of about 3.496-6.512 kDa was supplemented with sucrose, which may represent the identified. This result was in agreement with those first report of sucrose stimulation to bacteriocin obtained from the SDS-PAGE assays of some other production by a member of genus Bacillus. In contrast, bacteriocins produced by P. acidilactici and B. cereus most workers demonstrated high bacteriocin yields in 8/10 where molecular weights were estimated to range association with the presence of glucose in the medium from 3.5-6.5 and 4-6 kDa, respectively (Albano et al., and not sucrose (Aasen et al., 2000) . Todorov et al. 2007) . Svetoch et al. (2005) reported close results, (2006) reported that yeast extract is the most effective where the characterized bacteriocin of B. circulans had organic nitrogen compound for bacHV219 production.
an approximate molecular weight of 3.5 kDa. This finding was not in accordance with our results, where beef extract was the nitrogen source that highly Conclusion: The characterization of our bacteriocin accelerated the production of B. megaterium 1 9 bacteriocin. The interesting feature of heat stability at 100°C f or 15 min, supports the fact that it might constitute an advantage in view of its potential use as a food additive, in processes like pasteurization, drying, refrigeration and freezing. The thermal stability of our bacteriocin was markedly lost upon autoclaving, probably due to the lengthy time of exposure to heat and pressure. Accordingly, Vinod et al. (2006) described that the activity of the bacteriocin produced by Lactobacillus CA44 was completely lost at 121°C for 15 min. A similar result was reported for thuricin 7 produced by B. thuringiensis BMG1.7 (Cherif et al., 2001) . Our pH results were consistent with those reported by Karaoglu et al. (2003) , where the bacteriocin characterized showed an antimicrobial activity at the acidic pH more than the basic pH. Exposing the bacteriocin to prolonged periods of storage (up to 90 days) at 4°C resulted in a n insignificant decrease in activity, which indicates that cold temperatures may be the appropriate preservation technique. B. megaterium 19 bacteriocin was stable after 15 min exposure to UV light and was completely destroyed after 90 min. These results were not surprising and confirmed the protein status of the bacteriocin, where the ultraviolet light may modify and/or change the ring structure of peptides, or affect the protein function (Ogunbanwo et al., 2003a) . B. megaterium 19 bacteriocin was amylase and lipase sensitive, compared to other proteolytic enzymes (trypsin, pepsin and papain) used in this study, suggesting the presence of glycosylated and lipid moieties in the bacteriocin. The proteolytic enzymes failed to modify the antimicrobial activity of the bacteriocin, which is not unusual (Korenblum et al., 2005) and might be due to the presence of unusual amino acids in the bacteriocin structure, or cyclic N-and/ or C-terminally blocked peptides. Ethanol and hexane did not inhibit the activity of the bacteriocin, which might confirm the presence of lipid moieties in the bacteriocin revealed interesting properties that justifies i t importance regarding food safety and may positively have an impact on its potential application in the biological control of pathogenic and spoilage microorganisms and hence food protection. The study showed evidence of the fact that the type of medium and medium components can influence bacteriocin activity, which may be taken into consideration when developing food products and modifying their consumption acceptability properties including texture and taste perception.
